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1 INTRODUCTION
In Belgium, the Hydraulics Laboratory of the KU 
Leuven has initiated innovative research on silt-
ation problems, fl uid mud behaviour and cohesive 
sediment mechanics in the early 1980s, and ever 
since remained at the forefront. 
It started with the expected siltation problems 
at the sea locks of the Port of Zeebrugge, which 
were under construction. Possibilities for a per-
manent mud pumping system in a sediment trap 
were studied in the laboratory [Berlamont et al., 
1983 ; Berlamont et al., 1985 ; Berlamont, 1989 ; 
Toorman, 1992] and through numerical simulations 
[Toorman, 1992]. A major conclusion was that the 
effi ciency of such a system proved to be low due 
to compaction and strengthening of the mud 
around the suction head, which could only be 
improved by keeping the mud in a fl uid state by 
continuous stirring, which requires a high energy 
input. Different systems have been tested in the 
laboratory, and two of them (air bubbles and jet-
ting by propeller mixers) have successfully been 
applied in situ on the accumulating mud deposit 
under the boarding pontoon for tourist boats on 
the Scheldt in Antwerp [Berlamont, 1989].
Subsequently, the optimisation of dredged mate-
rial storage on land and in underwater cells was 
studied for the Port of Antwerp [Sas & Toorman, 
1993]. 
These two practical problems triggered further 
fundamental research on mud behaviour at the 
KU Leuven, which resulted in a FWO funded PhD 
research project on the numerical modelling of 
fl uid mud fl ow and consolidation [Toorman, 1992]. 
FWO funded postdoc research allowed an exten-
sion and integration of these studies in a more ho-
listic framework for understanding and predicting 
fl uid mud formation and movement in coastal and 
estuarine environments. This included the study of 
erosion of mud and sand-mud mixtures [Torfs, 1995 
; Mitchener & Torfs, 1996 ; Toorman, 2000] as source 
for suspended matter.
These studies also attracted international atten-
tion, resulting in the collaboration with the major 
European cohesive sediments research institutes 
within the framework of the EU research projects 
MAST I G6M and MAST II G8M Coastal Morphody-
namics (1991-1993) and MAST III COSINUS (1997-
2000), the latter coordinated by KU Leuven [Ber-
lamont, 2000]. The MAST I G6M project resulted in 
the publication of the fi rst comprehensive report 
on the characterisation of cohesive sediments 
[Winterwerp et al., 1993 ; Berlamont et al., 1993]. 
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The present paper focuses on the ongoing re-
search efforts on fluid mud layers: its formation by 
flocculating particles, its dynamic behaviour un-
der the action of gravity and surface water waves 
and its flow behaviour once liquefied.
 
UNDERSTANDING FLUID MUD
A clear definition of ‘fluid mud’ is a primary key 
to properly understand and describe its behav-
iour. Fluid mud is a saturated mixture of water and 
sediments with a high clay fraction, often contain-
ing an important organic fraction as well, with a 
solids fraction above the soil limit (i.e. the gelling 
point), implying that the particles form a continu-
ous network, a soil skeleton, and therefore a yield 
stress needs to be overcome before the material 
will flow. 
Fluid mud layers are primarily formed by deposi-
tion. Clay particles in an aqueous environment 
have the tendency to aggregate and form flocs 
due to attractive van der Waals forces. In addi-
tion, the natural presence of sticky organic poly-
mers (EPS), originating from bacteria feeding on 
organic matter, enhances flocculation. Therefore, 
flocculation modelling has also become an impor-
tant research topic, which is discussed below.
The accumulation of sedimenting flocs on the bot-
tom of a water column creates a porous deposit 
with a soil skeleton, a continuous network, which 
conceptually can be compared with a card 
house or a sponge. The water content of such a 
fresh deposit usually is more than 90 %. The same 
forces that keep the particles together in the flocs 
also generate bonding strength in the network, 
which increases with the soil bulk density. 
But the strength of the bonds is not high near the 
surface and is relatively easily broken by mechani-
cal forcing. If the skeleton breaks up into individual 
aggregates by shear it is called liquefaction. If the 
break-up is induced by build-up of the pressure in 
the pore water, it is called fluidisation. The latter 
can happen by earthquake-induced vibrations 
or, more slowly, by surface waves at the water-air 
interface. Usually, fluidisation is quickly followed by 
liquefaction once the material starts to flow, espe-
cially on a slope, resulting in so-called gravity or 
density currents.
MUD FLOW RHEOLOGY
The characterisation of the deformation and flow 
behaviour of a material is dealt with by the science 
of rheology. It aims at finding closure relationships 
between forces and resulting deformation (strain) 
and the rate of deformation. A deformation pro-
portional to the force is called elastic behaviour. A 
deformation proportional to the rate of deforma-
tion (i.e. a velocity gradient) is called viscous be-
haviour. Fluid mud typically shows elastic behaviour 
as long as the strain is small enough to avoid break-
ing of bonds. When the force is increased, more 
and more bonds will break and the correspond-
ing micro-cracks in the soil skeleton will grow and 
eventually the material will yield and aggregates 
will start to move relative to each other, i.e. the ma-
terial is liquefied and the driving force is kept in bal-
ance by friction between the particles. Looking at 
the sediment-water mixture as a bulk material from 
a macroscopic perspective, the mud behaves as 
a thick fluid, in which the aggregates still can be 
deformed elastically. By increasing the shear force, 
the aggregates will break up into smaller aggre-
gates and the internal friction reduces. In other 
words, the effective viscosity of the mud suspension 
decreases with increasing shear rate. This is called 
shear-thinning behaviour.
When the forcing is removed and the material stops 
flowing, the bonds will be restored and the particles 
will form once again a soil skeleton. This change 
of behaviour in time with varying forcing, without 
change in density, is called thixotropy.
Figure 1: Schematic equilibrium flow curve (stress (τ) – strain rate (γ) relationship) (left) and effective viscosity – strain rate 
relationship (right) for fluid mud, as described by the Worrall-Tuliani (1964) constitutive model. The four parameters are: 
the true yield stress (τ
0
), the Bingham yield stress (τ
B
), the structured viscosity (μ
0
) and the fluid viscosity (μ
∞
)  
[Toorman, 1994]
•
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Moreover, the rheological characteristics are con-
trolled by various bio-physcio-chemical parameters, 
such as clay mineralogy, dissolved ions in the ambi-
ent water (e.g. salinity) and organic matter content 
(e.g. EPS, sticky polymers produced by bacteria 
feeding on decaying organic matter) [Verreet et 
al., 1986 ; Verreet & Berlamont, 1987].
The steady state rheology of flowing fluid mud can 
well be described by a non-ideal Bingham mod-
el, in particular the Worrall & Tuliani (1964) model, 
which has four parameters (Figure1).
The experimental determination of the parameters 
of the rheological model is not straight-forward. A 
major problem is the fact that the velocity profile 
over the gap of a concentric cylinder viscometer 
is no longer linear. Moreover, the thickness of the 
sheared layer does not extend to the static cylinder 
when the rotation speed (or imposed stress) is small. 
For these circumstances, the standard conversion 
from rotation speed to shear rate, based on the 
assumption of (constant) shear over the gap, is no 
longer applicable. The procedure can be modified 
if the yield radius is known, but the latter is only pos-
sible when the rheological parameters are known. 
This apparent vicious circle can be broken by an 
iterative method, developed by Toorman (1994). 
The big advantage of this new data processing 
technique is that measurements can be made 
even without an outer cup.
As the network structure and strength is controlled 
by shear, one can understand that a change in flow 
regime will result in a change in structure, which 
takes time. Thixotropy can be modelled by defining 
a non-dimensional structural parameter (defined 
as the ratio of the instantaneous yield stress to the 
maximum yield stress, which is obtained at rest after 
complete restoration of all bonds) and formulating 
an equation that expresses the change of its value 
in time. This is done by a structural kinetics equation, 
expressing the change of structure as the superpo-
sition of aggregation and break-up processes. This 
has been applied for the first time to mud by Toor-
man (1997). His rheological model has subsequent-
ly been corrected in 2005, based on new experi-
mental evidence, comprising a more complete set 
of transient experiments, and was modified once 
more recently [Toorman et al., 2014].
SEDIMENTATION, CONSOLIDATION, 
FLUIDISATION & LIQUEFACTION
In reality, the skeleton of a ‘fluid’ mud layer at rest is 
so weak that it collapses under the least addition-
al loading. Collapse results in particle sinking and 
pore water being pushed out upward; this is called 
consolidation. This happens in mud layers under 
the weight of the freshly deposited mud particles 
that accumulate on the surface. Self-weight con-
solidation thus eventually leads to compaction of 
the mud layer, increasing the density in time and 
with burial depth. The pore space reduces, making 
it increasingly difficult for the pore water to escape, 
because of increasing capillary resistance, which 
slows down the consolidation with density.
The dredged material storage problems in the Port 
of Antwerp led to an in-depth research on sedi-
mentation and consolidation in the framework of 
the PhD research of Toorman (1992) and the MASTII 
G8M Coastal Morphodynamics project (1993-1995). 
A large number of sedimentation column test have 
been carried where density pore pressure profiles 
have been measured many times during the con-
solidation process, providing a lot of data to study 
the compaction behaviour for different composi-
tions, a.o. varying sand fractions in the mud [Toor-
man et al., 1995 ; Torfs et al., 1996].
The consolidation behaviour in principle can also be 
described by a so-called poro-mechanic approach, 
where rheological closures are required [Toorman 
et al., 2000]. However, historically, the compaction 
behaviour is studied by a simplified force balance 
where the pore water flow is empirically related 
to the excess pore pressure gradient induced flow 
resistance by Darcy’s law, where permeability rep-
resents a bulk inverse resistance for water flowing 
through a the maze of the soil skeleton.
A major outcome of the MAST III COSINUS research 
was the experimental proof that the permeability 
of a mud layer does not only depend on the bulk 
density of the soil (as traditionally assumed), but 
also on the burial depth [Toorman & Leurer, 2000 ; 
Dearnaley et al., 2002]. The latter is no surprise, as 
it can easily be explained conceptually, since a 
mud layer of a certain bulk density under compres-
sion can expel more pore water than the unloaded 
same mud layer at the surface. 
Unfortunately, this conceptual knowledge is still 
not taken into account into computer simulations 
of e.g. dredged material disposal, explaining the 
general poor predictive capabilities of these mod-
els, even when using Gibson’s theory for large de-
formations [Gibson et al., 1967]. The latter theory 
has been thoroughly investigated, extended and 
generalised to include the sedimentation phase 
and validated with the above-mentioned experi-
mental work in the Hydraulics Laboratory of KU Leu-
ven [Toorman & Berlamont, 1991 ; Toorman, 1996 ; 
Toorman, 1998].
For practical purposes, this is not sufficient to de-
scribe the strength and erosion resistance evolution 
of mud layers which are subject to surface waves 
in the overlying water layer. It is known that the con-
tinuous passing of waves generates pore pressure 
build up, which counteracts self-weight consolida-
tion. It may explain why many sediment cores taken 
in the Belgian coastal zone often show a very soft 
fluid mud layer of 10-20 cm on top of more consoli-
dated mud.  
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In extreme conditions of a storm event the pore 
pressure build-up can exceed the weight of the 
particles, leading to fluidisation (total break-up 
of the soil skeleton), quickly followed by shear-in-
duced liquefaction when the fluidised mud starts 
to flow. Such gravity currents eventually may trav-
el over long distances, following navigation chan-
nels into coastal harbours, where very rapid silt-
ation can take place within one day after a storm, 
as has been observed in Zeebrugge.
Therefore, a new bed dynamics model is under de-
velopment which allows to account for the com-
bined processes of consolidation and fluidisation 
[Roels, 2010]. Eventually, it is planned to integrate 
this bed model into a morphodynamic model to 
test the hypothesis that rapid siltation in harbours 
after a storm can indeed be explained by density 
currents formed after fluidisation of mud layers in a 
wide surrounding area.
FLOCCULATION
A key parameter in the prediction of sedimenta-
tion is the settling velocity. Contrary to non-cohe-
sive sediments, which are granular, cohesive sedi-
ments tend to aggregate up to a certain size and 
structure, which is controlled by ambient physical 
conditions (i.e. particle concentration and turbu-
lent shear) and bio-physico-chemical conditions 
(i.e. the presence of dissolved ions and biotic 
generated polymers). The resulting particles are 
called flocs and contain a high fraction of water 
caught in the pores of the structure. Subsequently, 
the number of particles and their settling velocity 
change in a dynamic setting, such as tidal condi-
tions in coastal areas or estuaries, or simply over 
depth where turbulence intensity changes.
The time evolution and spatial variability of floc 
properties can be modelled with kinetic equa-
tions, which express that the change is the net 
result of aggregation processes (such as binding 
by electrostatic van der Waals forces between 
clay particles) and break-up processes (such as 
caused by collisions between particles). In popula-
tion balance equation modelling, the particle size 
range is subdivided in narrow bands and kinetic 
equations are expressed for each band. However, 
it has been noticed that the cohesive sediment 
flocs which occur in nature can be grouped into 
populations which show a log-normal distribution 
in size [Lee et al., 2012] (Figure 2). 
Two major populations can be distinguished in all 
cases, i.e. compact micro-flocs (also called floc-
culi) of the order of 10 µm in size, which aggregate 
to form much larger macro-flocs (order 100 µm) in 
more quiet conditions. Lee et al. (2011) developed 
a basic two-class population balance equation 
(TCPBE) model to demonstrate that it is sufficient 
to compute only the variation of the number of 
micro- and macro-flocs (then comprising mega-
flocs as well) and their corresponding mean size 
in order to predict at engineering accuracy the 
corresponding settling fluxes. Analysis of particle 
size data from a LISST, deployed on a tripod in 
front of the Belgian coast, indicate that micro-
flocs may break up into primary particles and that 
macro-flocs may grow to form a new population 
of mega-flocs when much organic polymers are 
present in the period following algae bloom, when 
they are broken down 
by bacteria [Lee et al., 2012]. Lee et al. (2012) 
analysed the potential gain in accuracy by con-
sidering more than two floc populations. The con-
clusions where that the error on the total sediment
Figure 2: LISST particle size data of SPM 2 metres above the seabed at the Belgian Coast, measured by RBINS-OD 
Nature and fitted with log-normal distributions showing the existence of four distinct populations [Lee et al., 2012].
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flux is of the order of 50 % when considering just 
one population, which reduces to 10 % when con-
sidering two populations. This can be further im-
proved to 4 % by considering three populations 
(micro- + macro- + mega-flocs), which is already 
far below the general accuracy of sediment trans-
port computations. Measurements in front of the 
Belgian coast could well be reproduced by the 
model [Lee et al., 2014].
FROM LAMINAR TO TURBULENT MUD FLOW
Mud flows at speeds exceeding the order of mag-
nitude of 0.1 m/s tend to become turbulent, at 
least over a shear layer close to the surface of the 
bottom or a bounding wall. Above the shear layer 
the material moves as a solid plug. This is known 
from pipe slurry flow in dredged material pumping 
[e.g. Johansen et al., 2003] and in terrestrial and 
submarine mud gravity currents, which are stud-
ied in the framework of understanding geological 
formations [e.g. Baas et al., 2009]. Its modelling is 
not straightforward and mostly based on empiri-
cism.
A related problem is the flow of water over a fluid 
mud layer, which has much in common with sheet 
flow conditions of sand. The latter is much better 
documented since various experiments in high-
concentrated sand transport layers have been 
carried out. Analysis of flume data from Cellino 
(1998) has revealed that bedload transport can 
be modelled as suspended load transport pro-
vided that the transition from laminar to turbulent 
flow in this layer can be modelled. This requires 
the development of a so-called low-Reynolds tur-
bulence model. A new strategy has been devel-
oped to use a two-layer approach, where a new 
low-Reynolds mixing-length turbulence model is 
applied over the ‘inner’ layer and connected to 
a more complicated two-equation (k-epsilon) tur-
bulence model in the fully-developed layer. The 
turbulence models make use of semi-empirical 
turbulence damping functions, partially based on 
two-phase flow theory [Toorman & Bi, 2013]. By 
defining new ‘wall-distance free’ formulations (in-
spired by the work of Drikakis & Goldberg (1998)), 
the methodology will become applicable to pipe 
flow, gravity flow and bedload transport. This is still 
work in progress.
APPLIED RESEARCH
The fundamental research, described above, has 
been implemented in various software packag-
es in order to be applied to various engineering 
problems.
The rheological model, consisting of a constitutive 
stress-strain rate relation and a structural kinetics 
equation, has been implemented in the KU Leuven 
research code FENST-2D to simulate the damp-
ing of surface waves over soft mud banks [Toor-
man, 2008 ; Villarroel, 2009], as observed along the 
coast of Suriname,  South-America [Wells & Cole-
man, 1981].
It has also been implemented in the open source 
computational fluid dynamics (CFD) code Open-
FOAM (www.openfoam.com) to study the drag 
force on an object towed through fluid mud [Van-
debeek, 2015; Toorman et al., 2015]. This prelimi-
nary study was a feasibility study for a rheology 
based determination of new criteria for the nau-
tical depth, the optimal depth for safe naviga-
tion over a fluid mud bed and for minimisation of 
dredging costs [Vanlede et al., 2014].
For large-scale applications of sediment transport 
and morphodynamics, the Sediment Mechan-
ics research unit of the Hydraulics Division of the 
KU Leuven has chosen to implement its new de-
veloped process models into the open source 
TELEMAC suite (www.opentelemac.org), for which 
it closely works together with the Laboratoire Na-
tional d’Hydraulique (Chatou, France), who de-
veloped the original code and coordinates further 
development, and its partner HR Walingford (UK).
A new physics-based friction law, valid for all hy-
draulic conditions and water depths has been 
implemented into a depth-averaged (2-D hori-
zontal) morphodynamic model for the Scheldt es-
tuary and the Belgian Coast [Bi & Toorman, 2015]. 
Moreover, it is the first Scheldt model where sand 
and mud transport have been solved simultane-
ously, making sure that the available energy for 
transport is divided over both sediment fractions. 
The same modelling framework is also used to de-
velop a numerical model to study wave damping 
by energy absorption by fluid mud banks along 
the Guianas coast (South-America) and its impact 
on the morphodynamic evolution of the coast for 
different climate change scenarios [e.g. Hermans 
& Kroeders, 2012].
The multi-class population-balance flocculation 
model is currently implemented into the open 
source TELEMAC3D code for application to the Bel-
gian coastal area in the framework of the BELSPO 
BRAIN.be project INDI67 to study the formation of 
fluid mud layers, and for application to the Skag-
gerak-Kattegat-Baltic Sea area in the framework 
of the JPI Oceans Microplastics project WEATHER-
MIC to study the fate (i.e. the weathering, biofoul-
ing, dispersion and deposition) of microplastics.
CONCLUSIONS
The Hydraulics Division of the KU Leuven has built 
up a significant expertise in the behaviour of co-
hesive sediments and fluid mud in the aquatic en-
vironment over the past 30 years and has become 
an internationally recognised leading research 
institute in this field. A major key of success is the
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integration of the many aspects of the various 
processes in a comprehensive, multidisciplinary 
and multi-scale vision of the different problems 
and applications. This translates itself in the unique 
methodology to develop physics-based process 
models and implementation of these models into 
numerical models at different scales, and adapt 
(parameterise) these models to subgrid-scale 
models when appropriate. The process model 
development starts from fundamental conserva-
tion equations, a two-phase description of the 
sediment-water mixture and the use of kinetic 
theory to describe aggregation and break-up of 
inter-particle bonds. The models are successfully 
applied to gain new insights into the behaviour 
of cohesive sediments at process scale or of fluid 
mud behaviour at mesoscale (such as the inter-
action of a ship with fluid mud in the context of 
finding a more accurate definition of the nautical 
bottom), as well as to large scale applications of 
engineering interest, such as the morphodynamic 
evolution of estuaries and coastal areas.
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SUMMARY
A review is presented of over 30 years of fl uid mud 
research at the Hydraulics Division of the KU Leu-
ven. Throughout this period important contribu-
tions have been made to a better understanding 
of fl ow and consolidation behaviour of fl uid mud, 
the formation of fl uid mud by sedimentation of 
fl occulating cohesive particles and the develop-
ment of improved physics-based process models 
as closures for small-scale CFD and geotechnical 
models for fl uid mud behaviour and for large-scale 
sediment transport and morphodynamic models 
for coastal engineering applications.
RÉSUMÉ
Cet article passe en revue plus de 30 ans de re-
cherches sur les crèmes de vase à la Division Hy-
draulique de la KU Leuven. Durant cette période, 
ces recherches ont contribué à améliorer de fa-
çon importante la compréhension du transport et 
de la consolidation des crèmes de vase et de la 
formation des crèmes de vase suite à la sédimen-
tation et à la fl oculation de particules cohésives. 
Ces recherches ont aussi permis de développer 
et d’améliorer des modèles de description des 
processus physiques des équations de fermeture 
pour des modèles de mécanique des fl uides nu-
mérique (MFN) à petite échelle, des modèles géo-
techniques pour le comportement des crèmes 
de vase et le transport des sédiments à grande 
échelle, et des modèles morphodynamiques pour 
des applications à l’ingénierie côtière.
ZUSAMMENFASSUNG
Es wird ein Rückblick über 30 Jahre Fluid Mud 
Forschung der Abteilung Wasserbau der KU Leu-
ven gegeben. Innerhalb dieses Zeitraums gab es 
wichtige Beiträge für ein besseres Verständnis des 
Fließ- und Konsolidierungsverhaltens von Fluid Mud 
und der Bildung von Fluid Mud durch Sedimen-
tation von ausfl ockenden, kohäsiven Partikeln. 
Außerdem wurden verbesserte physikalisch-basi-
erte Prozessmodelle entwickelt, die zur Schließung 
kleinskaliger CFD- und geotechnischer Modelle 
für das Verhalten von Fluid Mud und großskaliger 
Sedimenttransport- und Morphodynamik-Mod-
elle für Anwendung im Küsteningenieurwesen di-
enen.
RESÚMEN
En el presente artículo se presenta un resumen de 
las investigaciones desarrolladas sobre fangos en 
la División de Hidráulica de  KU Leuven durante 
los últimos 30 años. A lo largo de este periodo se 
han realizado importantes contribuciones para 
ayudar a mejorar el conocimiento del compor-
tamiento del fl ujo y la consolidación de los fan-
gos, la formación de fango fl uido por sediment-
ación o fl oculación de partículas cohesivas, el 
desarrollo del modelado de procesos basados en 
comportamientos físicos, modelos geotécnicos 
del comportamiento de fangos fl uidos, modelos a 
gran escala de transporte de sedimentos y mod-
elos morfodinámicos aplicados a la ingeniería 
costera.
